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Discrete Semiconductor Devices
Hints and Tips for Thermal Design — Part 2

Description

This document provides hints and tips based on simulation results to help you reduce the chip
temperature of discrete semiconductor devices.
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1. Introduction

Hints and Tips for Thermal Design for Discrete Semiconductor Devices uses actual measurement data
as a basis to provide thermal design tips for reducing chip temperature. As a sequel, Part 2 describes
thermal design tips based on simulation data.

Simulation allows great flexibility in analysis once analysis models are created. It is beneficial in that
analysis data can be obtained under various test conditions and environments. Unlike real-world devices,
devices under simulation do not fail even under extreme conditions. Simulation can therefore replicate
conditions that are nearly impossible with actual devices.

We exploited this advantage of simulation to obtain data using models and conditions that are
impossible with actual measurement. This application note provides a summary of simulation results.
Simulation allows conditions that cannot be replicated physically, making it easy to predict results in
extreme device conditions. Therefore, Hints and Tips for Thermal Design for Discrete Semiconductor
Devices — Part 2 provides data that are unavailable in the previous application note based on actual
measurement.

2. Summary of simulation results

Simulations are performed under certain fixed conditions. An actual decrease in chip temperature
depends on conditions. You can expect, however, that the tendencies in chip temperature that were
revealed by simulation also apply to real-world devices. The following table summarizes the simulation
results. Use these data as a reference for thermal design. Detailed conditions and data are provided in
subsequent sections.

Countermeasure

Reduction in Chip Temperature

Comment

Multi-layer PCB

Dropped by 7% when the number
of PCB layers was increased from
4to8

Consideration is required for a PCB because
increasing the number of PCB layers, albeit
effective, incurs extra cost.

PCB trace thickness

Dropped by 6% when the trace
thickness was increased from 70
pm to 105 um

Increasing the thickness of PCB traces
increases their cross section and therefore
causes heat to disperse across the PCB more
quickly.

Vias just below a
drain frame

Compared to a PCB with no via:
Dropped by 9% when three vias
were added and by 12% when
five vias were added

Considerably effective

Peripheral vias

Compared to a PCB with no via:
Dropped by 7% when six vias
were added and by 10% when ten
vias were added

Not as effective as vias placed just below
the drain frame

However, peripheral vias may prevent heat
from conducting to surrounding areas.

Heatsink size

Compared to no heatsink:
Dropped by 12% with a heatsink
with a height of 1 cm (26 cm®)
Dropped by 19% with a heatsink
with a height of 2 cm (52 cm®)

Adding a heatsink is considerably effective,
compared to dissipating heat only from the
PCB.
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Heatsink emissivity

Dropped by 12% when the
heatsink surface was treated with
anodized aluminum (The
emissivity increases from 0.04 to
0.8.)

Consideration is required because

anodization incurs extra cost.

when three devices
were arranged in a
row)

spacing was 12 mm

Thermal Increased by 3% when the device | In order to prevent thermal interference, it
interference spacing was 3 mm is important not to place heat-generating
(Middle device | Did not increase when the device | devices in close proximity.

In addition, chip temperature may be
reduced by isolating copper traces as
appropriate and by adding vias between
heat-generating devices to prevent heat
dispersion.

Thermal interface
material (TIM)

A thinner TIM provides better
heat dissipation when the surface
area is small.

The TIM thickness should be carefully
considered when a TIM is used for a small
area.

Note: Thermal interface material (TIM) is a thermally conductive material.

3. Simulation accuracy

Before using simulation data, we compared measured and simulated chip temperatures. Table 1 shows
the results. The simulation results were satisfactory; as shown in Figure 1, the accuracy of temperatures
was within £5%

Table 1 - Measured and Simulated Temperatures of MOSFETs

Package Internal Measured  Sim temp. Temp. Accurac 6%
9 structure temp. (€C) (©) difference (°C) v 3% r}
Connector 71.6 69.42 2.18 3.05% ;oﬁ
SOP-Adv. Ribbon 73.04 72.98 0.06 0.08% 5 2% I I
Wire 77.1 78.05 -0.95 -1.23% £ o — o H = ="
Connector  84.63 83.94 0.69 0.82%  § 1% H E
TSON-Adv. Ribbon 87.87 86.02 1.85 2.11% 2
Wire 91.17 90.14 1.03 1.13% -4% |
DSOP-Adv. Connector ~ 79.86 79.04 0.82 1.03% B
PS-8 Wire 94.61 95.87 -1.26 -1.33% s § & 5 § &£ g & &g &
[¥] [¥) [¥)
DPAK Wire 80.93 80.83 0.10 0.12% 28|82 %3
D2PAK  Wire 74.35 75.37 -1.02 -1.37% S S S
SOP-Adv. TSON-Adv.  DSOP- ps-g DPAK D2PAK
Adv.
Package, Internal structure
Figure 1 - MOSFET Model Accuracy
Note 1: SOP-Adv., TSON-Adv., and DSOP-Adv. stand for SOP Advance, TSON Advance, and
DSOP Advance, respectively.
Note 2: The Simulated column shows the simulated temperatures.
Note 3: Accuracy (%) = ((measured Value - simulated Value) / measured Value) x 100

For simulation, a connector model of the surface-mount SOP Advance package was mainly used.
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4. About simulation models
This section describes the basic guidelines adopted for simulation settings and models.
Device:
For simulation, we used a model of a device in a surface-mount SOP Advance package with a

connector that provides good heat dissipation paths to a PCB.
PCB:

It is considered that a PCB that is too small for the amount of heat generated adversely affects chip
temperature. To avoid an adverse effect, we modeled a PCB two inches square that has four times the
area of Toshiba’s standard evaluation board (one inch square). Only the solder resist on the backside
of the PCB was modeled. The solder resist on the front side was expressed by increasing the emissivity
of the board material, i.e., glass epoxy (FR4).

This helps reduce the number of meshes that occur on the surface and provides a model with the
same effect as solder resist. The thickness of a PCB was set to roughly 1.6 mm, which is equal to that
of commonly used PCBs.

The standard PCB was modeled with four layers. The thickness of all the standard copper traces was
set to 70 um on all the PCB layers. In order to eliminate the impact of the shapes of traces, the inner
layers were modeled with solid traces (with 100% fill). In addition, the thicknesses of the prepregs
and the core material between traces were made equal on all the layers.

Vias in a model:

All vias were modeled as thermal through-holes (hereinafter simply referred to as “vias”). To make it
easy to cut vias in a mesh array, cylindrical vias were represented by cuboids. Vias are 0.25 mm
square, which is equal to the cross section of the plated cylindrical vias. Vias were placed on the drain
trace that is the primary thermal path in the package. Vias placed on a copper trace just below a
device's drain frame (hereinafter “E-pad”) were modeled as inner vias while those around the
periphery of a device were made outer vias. Outer vias were placed close to a device in order to make
it easy to evaluate their effect. We considered that it would be difficult to measure the effect of vias in
the second peripheral row. Therefore, we arranged vias in a single row around a device and performed

simulations with different via-to-via spacing.
Heatsink:

Since the effect of a heatsink varies with the fin shape, the heatsink was modeled with cuboid blocks.
A heatsink with the same shape was used for all simulations, except when it was parametrized.
Thermal interference:
In the thermal interference model, three instances of a device were placed on the common drain trace
of the same PCB. For thermal interference modeling, a PCB with the same size as for a single-device
simulation was used.
Thermal interface material (TIM)
For all models, the same physical property values were used for the TIM. Instead, its thickness was
varied for modeling purposes. We simulated the effect of TIM by placing it between a device and a
copper trace and between a copper trace and a heatsink.
e Basic model example
Figure 2 shows a simulation model for a four-layer PCB with a device.
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&
Drain traces ‘

g 1 cE T = /_ First layer copper traces
e :
u‘:’; I'E]. = \_ | == = | /_ Second layer copper traces
_“E = 1 B _I /_ Third layer copper traces
-E Source, Gate traces | . 4__ Fourth layer copper traces

- Cross section of a Solder resist

— *  Perspective view of four-layer PCB
2 inches (50.8 mm) a four<layer PCB
Figure 2 - Simulation Model for a Four-Layer PCB with a Device
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5. Thermal interference model

Heat-generating devices are subject to thermal interference according to the distance between

them. We created a thermal interference model as shown in Figure 3 in order to examine the impact

of thermal interference. To simulate horizontal thermal interference, no vertical via was added to

the model since vertical vias block the horizontal heat dispersion. In addition, a two-layer PCB was

used so as not to increase the thermal conductivity in the vertical direction. Three devices were
placed in proximity at the center of the PCB, and simulations were performed with different

device-to-device spacing.
device-to-device spacing.

Source, Gate traces
Emmisivity: 0.8

(Assuming solder resist exsits.)
Thickness: 70 um

TIM
Thickness: 0.1 mm

Figure 4 shows thermal

Device models (3 pcs)

Drain traces

Emissivity: 0.8

(Assuiming solder resist exsits.)
Thickness: 70 um

interference models with different

A two-layer PCB without thermal vias
Solder resist on the backside of the PCB

PCB Material: FR-4

Thickness: 1.6 mm (Including copper traces)

Heatsink
Material: extruded aluminum
Thickness: 20 mm

Figure- 3 Thermal Interference Simulation Model

1 mm

3 mm

_obo

5 mm

7 mm

E é; .n

10 mm

Figure 4 - Simulation Models with Different Device-to-Device Spacing
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6. Simulation results and tendencies for chip temperature
6.1. Effects of multi-layer PCBs

In line with the shrinking of PCB area, multi-layer PCBs have entered widespread use.
Figure 5 shows the effects of using multi-layer PCBs. The PCBs were modeled with no vias and
with solid traces (with 100% fill) on inner layers.

A device (in the SOP Advance package) was placed at the center of the PCB. Figure 5 is a plot
of chip temperature (Tch) at a power dissipation of 1 W versus the number of PCB layers. A PCB
with one surface layer is a single-layer PCB; the chip temperature of a device on a single-layer
PCB is also plotted for reference.

The percent values in the table use the chip temperature on a four-layer PCB as a baseline of
100. The chip temperature decreased to roughly 93% on an eight-layer PCB, 88% on a 12-layer
PCB, 84% on a 16-layer PCB, and 79% on a 26-layer PCB. Conversely, the chip temperature
increased by roughly 5% when the number of inner PCB layers was reduced. The results of this
simulation indicate that PCBs with more layers provide better heat dissipation through the PCB.
However, it is necessary to consider whether the use of a multi-layer PCB only for heat dissipation
purposes can be justified since multi-layer PCBs are more expensive.

80 Number of temcggture Relative
75 PCB layers FE°C) difference
O 70 | 1 67.34 105.1%
o g || 2 67.13 104.7%
S "l 4 64.09 100.0%
g 60 W 8 59.45 92.7%
S 55 i 38 3 12 56.37 87.9%
g > B e s 0 O O A 16 54.11 84.4%
g 26 50.76 79.2%
% 45
10
35
0D 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34
Number of PCB layers
Figure 5 - Number of PCB Layers vs. Chip Temperature
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6.2. Effect of the PCB trace thickness

Using a four-layer PCB, we simulated the impact of the thickness of copper traces on Layer 1 (top

layer) and Layer 4 (bottom layer). Figure 6 shows the simulation results. The thicker the copper

traces, the lower the chip temperature (Tch). Figure 6 indicates there is a strong positive correlation

between the reciprocal of copper trace thickness and chip temperature. The area of copper traces is

the same in all models. It is therefore considered that thicker copper traces with larger cross

sections help conduct more heat. As heat disperses more rapidly across the PCB, thicker copper

traces provide higher heat dissipation performance.

Compared to copper traces with a thickness of 70 um (2 0z), those with a thickness of 35 pm (1 0z)

led to a roughly 12% rise in chip temperature. The use

of 105-pm (3-0z) copper traces caused the chip | Copper traces Chip _
Relative
temperature to decrease to roughly 94% of the | on 1 &4 layer | temperature difference
baseline of 70-pm copper traces while the chip (um) (02) (©)
temperature decreased to about 91% by using 140-pm 35 1 71.71 111.9%
(4-0z) copper traces. 70 2 64.09 100.0%
105 3 60.32 94.1%
90 140 4 58.06 90.6%
85
£ 80
§ 75
g 70 ' 90
& 5 85
2 g2 ¥ 80
£ 60 ®.. _
g e, 575
o 55 s 70 e
U s0 § 65 .
45 ? 6o 1o
10 100 255
Copper trace thickness (um) © 50
45
0 0.01 0.02 0.03
1 / Copper trace thickness (1/um)
Figure 6 - Copper Trace Thickness vs. Chip Temperature
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6.3. Effect of vias just below E-pad

For this simulation, we created a model for a four-layer PCB having a device at its center and
through-vias that run from Layer 1 to Layer 4 just below E-pad. Figure 7 shows the results of
simulation for different numbers of vias.

It plots the chip temperatures for PCBs with 1, 3, 4, 5, 7, 9, 13 and 25 vias. A PCB with nine vias
caused the chip temperature to drop to roughly 84%, compared to the chip temperature on a PCB
with no via. When a PCB with 25 vias was used, the chip temperature decreased to roughly 80% of
the baseline.

A PCB with more vias provides a greater effect. However, E-pad size is finite and imposes a limit
on the number of vias that can be added. Solder might flow into vias during board assembly;
thermal performance could be adversely affected if solder causes voids to form just below E-pad. It
is therefore important to add an appropriate number of vias.

70 Number Chip Relative
. temperature | .
~ mmm— EEERNIE of vias (C) difference
.82 ; ' o e 0 64.09 100.0%
L T || i 1 61.36 95.7%
R 3 58.20 90.8%
2 . ’ & / 4 57.11 89.1%
@ 55 5 56.25 87.8%
E‘ *— Ll 7 54.96 85.7%
= ! : 9 54.05 84.3%
2 50 '|| I r{”i
£ 13 52.93 82.6%
25 51.34 80.1%
45
1 10 100
Number of vias just below E-pad (pcs)
Figure 7 - Number of Vias Just Below E-pad versus Chip Temperature
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6.4. Effect of peripheral vias

We used the same model as that used in Section 6.3 and added vias on the periphery of E-pad to
simulate their effect on chip temperature. Figure 8 shows the simulation results. In order to
measure the effect of peripheral vias accurately, vias below E-pad were removed. Peripheral vias
were arranged in one row as close as possible to E-pad. The same number of vias was placed on
each side of E-pad, and simulations were performed with 3, 6, 10 and 19 vias.

Figure 8 shows that a PCB with more vias led to lower chip temperature. A PCB with 19 vias (the
greatest among all models) caused the chip temperature to decrease to roughly 87.3% relative to
the chip temperature on a PCB with no via. Peripheral vias are effective in reducing chip
temperature although they are slightly less so than those just below E-pad.

Vias just below E-pad are closest to the heat source (i.e., chip) and therefore have a significant
effect in reducing chip temperature. In contrast, peripheral vias help disperse the heat that has
transferred through copper traces via conduction. Dissipating heat close to the heat source is most

effective in reducing chip temperature.

70 Number Chip Relative
. temperature | .
_ : of vias (C) difference
£ 65 e e 0
e _ / " 0 64.09 100.0%
5 e Nt 3 60.72 94.7%
~ 60 i g ! 6 59.20 92.4%
.% —“*—'/ 71' ./ 10 57.49 89.7%
255 | . 19 55.94 87.3%
é | l lll
2 50 !
S
45
1 10 100
Number of vias on the periphey of a device's E-pad (pcs)
Figure 8 - Number of Vias on the Periphery of
a Device’s E-pad vs. Chip Temperature
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Figure 9 compares data for vias just below E-pad and peripheral vias. It indicates that vias just
below E-pad are more effective. Vias just below E-pad should be given precedence over peripheral
vias in order to obtain a greater effect with the same number of vias. This is particularly important
when heat from surface-mount devices is dissipated to the PCB.

70
@ Vias just below E-pad

9 65 A Peripheral vias
S
— ®..
I e B
5 Y ¥
e Q. -
© e. A
.G-CJL 23 e“"ev-‘,..
E o-.. 9y
2 50 4
O

45

1 10 100

Vias just below E-pad and on periphery (pcs)

Figure 9 - Vias Just Below E-pad vs. Peripheral Vias
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6.5.

Effect of the heatsink size

We used a four-layer PCB having nine vias just below E-pad and 19 vias on its periphery.
Simulations were performed using heatsinks with different sizes. Figure 10 shows the chip
temperatures obtained by simulation. In all the models, the area of contact between a heatsink and
a PCB is roughly 25.8 cm? (5.08 x 5.08 cm). Simulations were performed, varying the height and
thus the cubic volume of the heatsink. Compared to a PCB without a heatsink, a PCB having a
heatsink with a height of 1 cm caused the chip temperature to decrease to roughly 87.5% whereas
a PCB having a heatsink with a height of 2 cm caused the chip temperature to decrease to roughly
81.1%. Figure 10 indicates that larger heatsinks are more effective in reducing chip temperature.
The use of a heatsink is considerably more effective in reducing chip temperature than other
measures.

Heatsink i

70 - il - Chip Relative

Cubic volume| Height | temperature | .

EB 3 () difference
O (cm?) (cm)
= ol - 0 - 64.09 100.0%
5 | e L 5.2 0.2 6156 | 96.1%
T 55 — e 12.9 0.5 59.15 92.3%
£ .. 25.8 1.0 56.06 87.5%
2 50 ' / .., 516 2.0 51.98 81.1%
S 45 — r\ 77.4 3.0 49.31 76.9%
= 103.2 4.0 47.37 73.9%
g 40 T— =
]
S 35 |

30

| 10 100

Cubic volume of heatsink (cm3)

Figure 10 - Cubic Volume of Heatsink vs. Chip Temperature

6.6. Effect of heatsink emissivity

Next, we used the previous model with a 2-cm heatsink to simulate the effect of heatsinks with
different emissivity. Figure 11 shows the simulation results. A heatsink made of aluminum has an
emissivity of about 0.04 on polished surfaces. Anodization helps increase its emissivity to 0.8.

Figure 11 indicates that heatsinks with higher emissivity led to lower chip temperatures. There is
an approximately 7°C difference in temperature between polished and anodized heatsinks.
Anodized heatsinks have an advantage over polished heatsinks in dissipating heat. Although
anodization is an effective solution for reducing temperature, it is necessary to consider whether to
use an anodized heatsink because anodization treatment incurs extra cost.
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65 Surface Heatsink Chip Relative
—_ . o temperature | .
P - Condition |emissivity () difference
ﬁ i, 008 I o Polished 0.041 59.05 100.0%
055 Coarse | 0.060 58.81 99.6%
e e e e Heavily
© ) . . 49
.c; 50 oxidized 0.255 56.35 95.4%
3 Anodized 0.800 51.98 88.0%
=45
5

40

0.0 0.2 0.4 0.6 0.8 1.0
Heatsink emissivity
Figure 11 - Heatsink Emissivity vs. Chip Temperature
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6.7. Effect of thermal interference

Chip temperature Tch ('C)

Figure 12 shows the results of simulating a thermal interference model on which three devices are
heated on the same PCB. The device-to-device spacing was used as a parameter for thermal
interference. When three devices were tightly arranged, the chip temperature of the middle device,
C, became the highest since it was affected by the heat generated by the other two devices. The
chip temperature of the middle device became lower as the device-to-device spacing was increased.
When the device-to-device spacing was 12 mm, thermal interference became less apparent,
causing the chip temperatures of the three devices to become almost equal. Compared with the
case of a PCB with only one device, thermal interference among multiple devices caused their chip
temperatures to increase much more considerably Differences in chip temperature between the
middle device and the other devices (as indicated by the dashed line in Figure 12) became smaller
at a device spacing of 3 mm or less. It is considered that when three devices are placed at a spacing
of 3 mm or less, the chip temperatures of all three devices increase, reducing their differences.
Special care should be exercised when devices are mounted on a PCB at a high density.

Thermal interference can be avoided by modifying device placement and PCB traces. For example,
heat-generating devices should not be placed adjacent to each other or in proximity, and copper
traces should be isolated. Adding vias between heat sources is also effective. Vias prevent heat from

spreading in the horizontal direction and release it vertically across a PCB instead (see Figure 13).
110 10 ]

9 =
° &
105 . 8 o
a ° =
7 %
= . =
100 = 6 o
° 3
o b =
° 2
95 . a @ 4 5
et Lt = Device-to- Chip temperature (°C) .
PR <. T /\_/-> 3 @ - Temperature Relative
U device X :
1o g distance | Device R| Device C | Device L difference (C) difference
90 \j 2 & C-(L+R)/2 | C/(L+R)/2
5 (mm)
1 E Single - 64.09 - - -

. 1 103.51 | 106.49 | 103.51 2.98 102.9%

85 0 2 10134 | 104.71 | 101.34 3.37 103.3%

0 2 - 6 8 10 12 14 3 99.81 103.28 99.82 3.46 103.5%

Device-to-device spacing (mm) 5 97.34 100.51 97.35 3.17 103.3%

7 95.74 98.32 95.74 2.58 102.7%

) . = o 10 94.79 96.15 94.79 1.35 101.4%

HDevice L eoDeviceC ¢Device R 12 94.58 | 94.80 | 94.59 0.22 100.2%

Figure 12 - Thermal Interference Simulation

Vias line

Vias line

Figure 13 - Peripheral Vias for the Prevention of
Thermal Interference in Different Models
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Figure 14 shows temperature distributions across thermal interference models with three devices
placed at a spacing of 1 to 12 mm. As shown below, at a spacing of 12 mm, the chip temperatures
of the three devices became almost equal.

Device spacing: 1 mm

Device spacing: 2 mm

A

Device spacing: 3 mm

Device spacing: 5 mm

ANSYS ANSYS

A

Device spacing: 7 mm

ANSYS

Device spacing: 12 mm

ANSYS

Figure 14 - Temperature Distributions across Thermal Interference Models
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6.8. Effect of a TIM

In order to thermally connect a device or a PCB to a heatsink, thermal grease or thermal sheets
are commonly used. These are collectively referred to as thermal interface materials (TIMs). We
performed simulation to verify their effectiveness.

In order to simulate the effect of a TIM, we prepared two package models with a simplified
structure as shown in Figure 15. A device consists of a chip (5.0x5.0 mm, t = 1 mm), E-pad
(10.0x10.0 mm, t = 0.5 mm) and a mold (12.0x12.0 mm, t = 3.5 mm). These models consider
heat dissipation only from E-pad. The PCB size is 50x50x1.6 mm, and the device is placed at the
center of the PCB. Model A has a TIM between the device and the PCB while Model B has a TIM
between the PCB and a heatsink. Model A does not have a heatsink.

Figure 16 compares the results of simulations of chip temperatures using these models. In Model
A, the chip temperature varied with the TIM thickness. The thicker the TIM, the higher the chip
temperature became. This indicates that there is a strong positive correlation between the TIM
thickness and the chip temperature. In contrast, in Model B, the chip temperature remained almost
constant irrespective of the TIM thickness.

These models differ in the area through which heat passes. The TIM area in Model A is equal to the
bottom area of the device whereas the TIM area in Model B is equal to the PCB area (see Figure 17).
Figure 17 shows how to calculate the thermal resistance of the TIM, considering these areas. Table
2 gives the results of calculation. In Model A, the thicker the TIM, the higher the thermal resistance.
However, in Model B, the thermal resistance of the TIM does not increase significantly with the TIM
thickness. It is considered that the difference in thermal resistance led to the chip temperature
difference between the two TIM models. It is therefore necessary to consider the thickness of a TIM
when it is used on a small area.

A

Model A: TIM Inserted Between Device and PCB Model B: TIM Inserted Between PCB and Heatsink

Figure 15 - Device Models for TIM Simulation
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70 TIM Chip temperature (°C)
o thickness | v del A Model B
8 65 | | | | | ! | | | | | (mm)
- 0.1 55.92 48.58
F 60 ——T—1 e S B @ 1.0 56.87 48.69
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Figure 16 - TIM Simulation

Table 2 - Thermal Resistance vs. TIM Thickness

TIM Thermal resistance
thickness Rthrw (C/W)
(mm) Model A Model B
= 0.1 0.21 0.01
g 1.0 2.10 0.12
i 2.0 4.21 0.24
3.0 6.31 0.36
4.0 8.42 0.48
5.0 10.52 0.61

Model size

Thermal resistance of TIM:  Rth = (1/A) x (L/A)
A: Thermal conductivity of TIM (3.3 W/m*+K)
L: TIM thickness, A: TIM area

Figure 17 - TIM Area and Thermal Resistance
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RESTRICTIONS ON PRODUCT USE

Toshiba Corporation and its subsidiaries and affiliates are collectively referred to as “TOSHIBA".
Hardware, software and systems described in this document are collectively referred to as “Product”.

e TOSHIBA reserves the right to make changes to the information in this document and related Product without notice.

e This document and any information herein may not be reproduced without prior written permission from TOSHIBA. Even with TOSHIBA's
written permission, reproduction is permissible only if reproduction is without alteration/omission.

e Though TOSHIBA works continually to improve Product's quality and reliability, Product can malfunction or fail. Customers are responsible for
complying with safety standards and for providing adequate designs and safeguards for their hardware, software and systems which minimize
risk and avoid situations in which a malfunction or failure of Product could cause loss of human life, bodily injury or damage to property,
including data loss or corruption. Before customers use the Product, create designs including the Product, or incorporate the Product into their
own applications, customers must also refer to and comply with (a) the latest versions of all relevant TOSHIBA information, including without
limitation, this document, the specifications, the data sheets and application notes for Product and the precautions and conditions set forth in
the "TOSHIBA Semiconductor Reliability Handbook" and (b) the instructions for the application with which the Product will be used with or for.
Customers are solely responsible for all aspects of their own product design or applications, including but not limited to (a) determining the
appropriateness of the use of this Product in such design or applications; (b) evaluating and determining the applicability of any information
contained in this document, or in charts, diagrams, programs, algorithms, sample application circuits, or any other referenced documents; and
(c) validating all operating parameters for such designs and applications. TOSHIBA ASSUMES NO LIABILITY FOR CUSTOMERS' PRODUCT
DESIGN OR APPLICATIONS.

e PRODUCT IS NEITHER INTENDED NOR WARRANTED FOR USE IN EQUIPMENTS OR SYSTEMS THAT REQUIRE EXTRAORDINARILY HIGH
LEVELS OF QUALITY AND/OR RELIABILITY, AND/OR A MALFUNCTION OR FAILURE OF WHICH MAY CAUSE LOSS OF HUMAN LIFE,
BODILY INJURY, SERIOUS PROPERTY DAMAGE AND/OR SERIOUS PUBLIC IMPACT ("UNINTENDED USE"). Except for specific applications
as expressly stated in this document, Unintended Use includes, without limitation, equipment used in nuclear facilities, equipment used in the
aerospace industry, medical equipment, equipment used for automobiles, trains, ships and other transportation, traffic signaling equipment,
equipment used to control combustions or explosions, safety devices, elevators and escalators, devices related to electric power, and
equipment used in finance-related fields. IF YOU USE PRODUCT FOR UNINTENDED USE, TOSHIBA ASSUMES NO LIABILITY FOR
PRODUCT. For details, please contact your TOSHIBA sales representative.

¢ Do not disassemble, analyze, reverse-engineer, alter, modify, translate or copy Product, whether in whole or in part.

e Product shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is prohibited under any applicable
laws or regulations.

e The information contained herein is presented only as guidance for Product use. No responsibility is assumed by TOSHIBA for any infringement
of patents or any other intellectual property rights of third parties that may result from the use of Product. No license to any intellectual
property right is granted by this document, whether express or implied, by estoppel or otherwise.

e ABSENT A WRITTEN SIGNED AGREEMENT, EXCEPT AS PROVIDED IN THE RELEVANT TERMS AND CONDITIONS OF SALE FOR
PRODUCT, AND TO THE MAXIMUM EXTENT ALLOWABLE BY LAW, TOSHIBA (1) ASSUMES NO LIABILITY WHATSOEVER, INCLUDING
WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, SPECIAL, OR INCIDENTAL DAMAGES OR LOSS, INCLUDING WITHOUT
LIMITATION, LOSS OF PROFITS, LOSS OF OPPORTUNITIES, BUSINESS INTERRUPTION AND LOSS OF DATA, AND (2) DISCLAIMS ANY
AND ALL EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS RELATED TO SALE, USE OF PRODUCT, OR INFORMATION,
INCLUDING WARRANTIES OR CONDITIONS OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, ACCURACY OF
INFORMATION, OR NONINFRINGEMENT.

e Do not use or otherwise make available Product or related software or technology for any military purposes, including without limitation, for
the design, development, use, stockpiling or manufacturing of nuclear, chemical, or biological weapons or missile technology products (mass
destruction weapons). Product and related software and technology may be controlled under the applicable export laws and regulations
including, without limitation, the Japanese Foreign Exchange and Foreign Trade Law and the U.S. Export Administration Regulations. Export and
re-export of Product or related software or technology are strictly prohibited except in compliance with all applicable export laws and
regulations.

e Please contact your TOSHIBA sales representative for details as to environmental matters such as the RoHS compatibility of Product. Please use
Product in compliance with all applicable laws and regulations that regulate the inclusion or use of controlled substances, including without
limitation, the EU RoHS Directive. TOSHIBA ASSUMES NO LIABILITY FOR DAMAGES OR LOSSES OCCURRING AS A RESULT OF
NONCOMPLIANCE WITH APPLICABLE LAWS AND REGULATIONS.
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